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Classical	 techniques	 for	 investigating	 the	Rayleigh-Taylor	 instability	 include	using	 compressed	38	
gasses1,	 rocketry2	 or	 linear	 electric	motors3	 to	 reverse	 the	 effective	 direction	 of	 gravity,	 and	39	
accelerate	 the	 lighter	 fluid	 toward	 the	 denser	 fluid.	 	 Other	 authorse.g.	 4–6	 have	 separated	 a	40	
gravitationally	 unstable	 stratification	 with	 a	 barrier	 that	 is	 removed	 to	 initiate	 the	 flow.		41	
However,	 the	 parabolic	 initial	 interface	 in	 the	 case	 of	 a	 rotating	 stratification	 imposes	42	
significant	technical	difficulties	experimentally.		We	wish	to	be	able	to	spin-up	the	stratification	43	
into	 solid-body	 rotation	 and	 only	 then	 initiate	 the	 flow	 in	 order	 to	 investigate	 the	 effects	 of	44	
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rotation	upon	the	Rayleigh-Taylor	instability.		The	approach	we	have	adopted	here	is	to	use	the	45	
magnetic	 field	 of	 a	 superconducting	 magnet	 to	 manipulate	 the	 effective	 weight	 of	 the	 two	46	
liquids	 to	 initiate	 the	 flow.	 	 We	 create	 a	 gravitationally-stable	 two-layer	 stratification	 using	47	
standard	 flotation	 techniques.	 	The	upper	 layer	 is	 less	dense	 than	 the	 lower	 layer	and	so	 the	48	
system	is	Rayleigh-Taylor	stable.		This	stratification	is	then	spun-up	until	both	layers	are	in	solid-49	
body	 rotation	 and	 a	 parabolic	 interface	 is	 observed.	 	 These	 experiments	 use	 fluids	with	 low	50	
magnetic	susceptibility,	|χ|	~	10-6	—	10-5,	compared	to	a	ferrofluid.		The	dominant	effect	of	the	51	
magnetic	field	is	to	apply	a	body	force	to	each	fluid	layer	changing	the	liquid’s	effective	weight.		52	




large	enough,	the	upper	 layer	may	become	“heavier”	than	the	 lower	 layer	and	so	the	system	57	
becomes	Rayleigh-Taylor	unstable.	and	we	see	the	onset	of	the	Rayleigh-Taylor	instability.		We	58	





in	 either	 a	 stable	 or	 an	 unstable	 configuration.	 	 If	 the	 dense	 heavy	 layer	 underlies	 the	 less	64	
dense,	light	layer	then	the	system	is	stable:	perturbations	to	the	interface	are	stable,	restored	65	
by	gravity,	and	waves	may	be	supported	on	the	interface.		If	the	heavy	layer	overlays	the	light	66	
layer	 then	the	system	 is	unstable	and	perturbations	 to	 the	 interface	grow.	 	This	 fundamental	67	
fluid	instability	is	the	Rayleigh-Taylor	instability7,8.		Exactly	the	same	instability	may	be	observed	68	
in	 non-rotating	 systems	 that	 are	 accelerated	 towards	 the	 heavier	 layer.	 	 Due	 to	 the	69	
fundamental	nature	of	the	instability	it	is	observed	in	very	many	flows	that	also	vary	greatly	in	70	
scale:	 from	 small-scale	 thin	 film	phenomena9	 to	 astrophysical	 scale	 features	 observed	 in,	 for	71	
example,	the	crab	nebula10,	where	finger-like	structures	are	observed,	created	by	pulsar	winds	72	
being	accelerated	through	denser	supernova	remnants.	 	 It	 is	an	open	question	as	to	how	the	73	
Rayleigh-Taylor	 instability	 can	 be	 controlled	 or	 influenced	 once	 the	 initial	 unstable	 density	74	
difference	has	been	established	at	an	interface.		One	possibility	is	to	consider	bulk	rotation	of	75	
the	 system.	 	 The	 purpose	 of	 the	 experiments	 is	 to	 investigate	 the	 effect	 of	 rotation	 on	 the	76	
system,	and	whether	this	may	be	a	route	to	stabilization.	77	
We	 consider	 a	 fluid	 system	 that	 consists	 of	 a	 two-layer	 gravitationally	 unstable	 stratification	78	
that	 is	 subject	 to	 steady	 rotation	 about	 an	 axis	 parallel	 to	 the	 direction	 of	 gravity.	 	 A	79	
perturbation	 to	 an	 unstable	 two-layer	 density	 stratification	 leads	 to	 baroclinic	 generation	 of	80	
vorticity,	 i.e.,	 overturning,	 at	 the	 interface,	 tending	 to	 break-up	 any	 vertical	 structures.		81	
However,	 a	 rotating	 fluid	 is	 known	 to	organize	 itself	 into	 coherent	 vertical	 structures	aligned	82	
with	 the	 axis	 of	 rotation,	 so-called	 ‘Taylor	 columns’11.	 Hence	 the	 system	 under	 investigation	83	
undergoes	competition	between	the	stabilizing	effect	of	the	rotation,	that	is	organizing	the	flow	84	
into	vertical	structures	and	preventing	the	two	layers	overturning,	and	the	destabilizing	effect	85	
of	 the	 denser	 fluid	 overlying	 the	 lighter	 fluid	 that	 generates	 an	 overturning	 motion	 at	 the	86	
interface.	 With	 increased	 rotation	 rate	 the	 ability	 of	 the	 fluid	 layers	 to	 move	 radially,	 with	87	
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opposite	 sense	 to	 each	 other,	 in	 order	 to	 rearrange	 themselves	 into	 a	 more	 stable	88	
configuration,	 is	 increasingly	 inhibited	 by	 the	 Taylor-Proudman	 theorem12,13:	 the	 radial	89	
movement	 is	reduced	and	the	observed	structures	that	materialize	as	the	 instability	develops	90	
are	smaller	in	scale.		Fig.	1	shows	qualitatively	the	effect	of	the	rotation	on	the	eddies	that	form	91	
as	 the	 instability	 develops.	 	 In	 the	 left	 hand	 image	 there	 is	 no	 rotation	 and	 the	 flow	 is	 an	92	
approximation	to	classical	non-rotating	Rayleigh-Taylor	 instability.	 	 In	the	right	hand	image	all	93	






same	way	 as	 a	modified	 gravitational	 field.	We	 are	 therefore	 able	 to	 create	 a	 gravitationally	100	
stable	 stratification	 and	 spin	 it	 up	 into	 solid	 body	 rotation.	 	 	 The	 magnetic	 body	 forces	101	
generated	 by	 imposing	 the	 gradient	 magnetic	 field	 then	 mimic	 the	 effect	 of	 modifying	 the	102	
gravitational	field.		This	renders	the	interface	unstable	such	that	the	fluid	system	behaves,	to	a	103	
good	approximation,	as	a	classical	Rayleigh-Taylor	instability	under	rotation.		This	approach	has	104	
been	 previously	 attempted	 in	 two	 dimensions	without	 rotation14,15.	 	 For	 an	 applied	 gradient	105	
magnetic	 field	 with	 induced	 magnetic	 field	 B,	 the	 body	 force	 applied	 to	 a	 fluid	 of	 constant	106	
magnetic	volume	susceptibility	χ	is	given	by	f	=	grad(χB2/μ0),	where	B	=	|B|	and	μ0	=	4π	×	10-7	N	107	





NOTE:	 The	 experimental	 apparatus	 is	 shown	 schematically	 in	 Fig.	 2.	 	 The	 main	 part	 of	 the	113	
apparatus	consists	of	a	 rotating	platform	(300	mm	×	300	mm)	mounted	on	a	copper	cylinder	114	
(55	 mm	 diameter)	 that	 descends	 under	 its	 own	 weight	 into	 the	 strong	 magnetic	 field	 of	 a	115	
superconducting	magnet	(18	T)	with	a	room	temperature	vertical	bore.		The	platform	is	made	116	















































2.1.5)	 To	 vary	 the	 viscosity	of	 the	 fluid	 layers,	 add	glycerol	C3H8O3	 in	equal	 amounts	 to	each	162	












2.1.6.3)	 Lift	 the	 flotation	 boat	 out	 of	 the	 container	 B	 and,	 when	 it	 has	 stopped	 dripping,	175	
	 	 	











2.1.6.5)	Carefully	 lower	 the	 lucite	 lid	 into	 the	upper	 layer	 such	 that	 the	 layer	depths	of	 each	186	








inner	 tank.	 	 Upon	 observing	 square-on	 there	will	 be	 no	 curvature-induced	 parallax	 resulting	195	
from	the	inner	cylindrical	tank.	196	









tank	 is	 far	 away	 (60	 cm)	 from	 the	magnet	 such	 that	 the	magnetic	 forces	 on	 the	 liquids	 are	206	
negligible	at	this	position.			207	
NOTE:	 Carrying	 the	 experimental	 tank	 containing	 the	 stratification	 presents	 few	 difficulties;	208	








3.1.1)	Ensure	that	 the	magnet	 is	 indicating	a	 field	strength	of	1.2	T,	and	that	at	 the	height	at	217	
which	the	 instability	 is	 initiated	the	field	gradient	 is	 (grad	B2)/2	=	 -14.3	T2	m-1,	where	B	 is	 the	218	
magnetic	induction.	219	
	 	 	














































Page	7	of	11	 	 	 	 	 	 	 	 	 				




Fig.	 4	 shows	 the	development	of	 the	Rayleigh-Taylor	 instability	 at	 the	 interface	between	 the	268	
two	fluids,	for	four	different	rotation	rates:	Ω	=	1.89	rad	s-1	(top	row),	Ω	=	3.32rad	s-1,	Ω	=	4.68	269	
rad	s-1,	and	Ω	=	8.74	rad	s-1	(bottom	row).	The	interface	is	shown	evolving	in	time	from	t	=	0	s	270	
(left	 hand	 column)	with	 increments	 of	 0.5	 s	 to	 t	 =	 3.0	 s	 (right	 hand	 column).	 The	 right	 hand	271	
column	therefore	represents	0.90,	1.59,	2.23,	and	4.17	complete	revolutions	respectively	from	272	
top	to	bottom	row.		273	












serpentine-like	 structure	appears.	With	 increasing	 rotation	 rate	 the	width	of	 these	 structures	286	
decreases.	It	can	also	be	observed	that	the	amount	of	radial	meandering	decreases	too.	It	can	287	
be	 seen	 that,	 for	 the	 rotation	 rates	 shown,	 the	 instability	 develops	 radially	 first	 with	 the	288	
azimuthal	perturbations	becoming	more	pronounced	as	time	evolves.	By	the	time	t	≈	3.0	s	it	is	289	
difficult	to	distinguish	which	structures	arose	due	to	a	radial	or	azimuthal	perturbation.		290	
The	 key	 observation	 from	 the	 images	 is	 that	 the	 observed	 length	 scale	 of	 the	 structures	 is	291	
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The	 observed	 instabilities	 have	 a	 wavelength	 which	 changes	 slowly	 in	 time	 and	 which	 we	304	
measure	experimentally	via	an	auto-correlation	of	each	image	in	the	movie	of	the	experiment.		305	
The	 auto-correlation	 is	 computed	 from	a	 two-dimensional	 discrete	 Fast	 Fourier	 Transform	of	306	
the	 image	 intensity.	 	 Light	 regions	 of	 the	 image	 represent	 peaks	 in	 the	 instability,	 and	 dark	307	
regions	 indicate	 troughs.	 	 A	maximum	 in	 the	 auto-correlation	 is	 therefore	 a	measure	 of	 the	308	
instability	 wavelength	 that	 is	 of	 key	 importance	 as	 the	 dispersion	 relation	 for	 the	 Rayleigh-309	
Taylor	 instability	 shows	 that	 the	growth	 rate	of	 a	 given	mode	of	 instability	depends	upon	 its	310	
wavelength.	 	 Fig.	 6	 shows	 representative	 measurements	 of	 the	 observed	 wavelength	 of	311	
instability	 for	 varying	 rotation	 rates.	 	 We	 observe	 that	 as	 the	 rotation	 rate	 increases	 the	312	





hand	 side	 is	 of	 the	 Rayleigh-Taylor	 instability	 developing	 in	 a	 non-rotating	 system.	 The	318	
instability	 develops	 in	 time,	 forming	 large	 vortices	 that	 transport	 the	 ‘denser’	 (green)	 fluid	319	
downwards.	 The	 image	on	 the	 right	 hand	 side	 is	 of	 the	 same	 fluids,	 and	 therefore	 the	 same	320	
gravitational/magnetic	instability,	but	here	the	system	is	rotating.	The	effect	of	the	rotation	can	321	
be	seen	to	restrict	 the	size	of	 the	vortices	 that	 form	and	 inhibit	 the	bulk	vertical	 transport	of	322	
fluid.	The	times	shown	are	1.92	s	and	3.52	s	after	initiation	on	the	left	hand	side	and	right	hand	323	
side	respectively.	 	The	tank	diameter	 is	90	mm,	and	the	rotation	rate	 in	the	right	hand	image	324	
was	2.38	rad	s-1.		325	
	326	
Figure	 2:	 Experimental	 set-up.	 A	 cylindrical	 tank	 contains	 the	 two	 liquid	 layers.	 	 A	 Lucite	 lid	327	
forms	a	solid	 lid	for	the	two	layers.	 	Fluid	above	the	 lid	helps	to	remove	reflections	and	glare	328	
from	the	Lucite.		The	cylindrical	tank	is	immersed	in	distilled	water	in	a	rectangular	outer	tank.		329	
These	 tanks	 are	 placed	 on	 a	 platform	 and	 spun-up	 above	 the	 magnet	 where	 the	 magnetic	330	





Figure	 3:	 Flotation	 “Boat”.	 The	 flotation	 boat	 is	 made	 by	 hot-gluing	 a	 dense	 sponge	 layer	336	
(yellow)	to	the	underside	of	polystyrene	walls	 (gray)	 to	make	a	“boat”.	 	The	 light	upper	 layer	337	





Figure	 4:	 A	 sequence	 of	 images	 of	 the	 developing	 instability	 from	 the	 second	 series	 of	343	
experiments	 demonstrating	 the	 effect	 of	 increasing	 rotation	 rate.	 The	 rates	 of	 rotation	344	
increase	from	Ω	=	1.89	rad	s-1	in	the	top	row	to	Ω	=	8.74	rad	s-1	in	the	bottom	row.	The	times	345	
shown	 are	 measured	 from	 the	 time	 that	 the	 onset	 of	 instability	 is	 observed.	 The	 scale	 bar	346	
shows	a	length	of	10	cm	in	steps	of	1	cm.		The	diameter	of	the	black	circle	represents	a	length	347	
	 	 	





at	 intervals	 of	 1.5.	 The	 middle	 row	 shows	 the	 instability	 in	 a	 system	 that	 has	 viscosity	352	
approximately	 8.36	 times	 that	 of	 water.	 In	 the	 top	 row	 the	 viscosity	 of	 the	 system	 is	353	





Figure	6:	The	dominant	observed	wavelength	at	 the	onset	of	 the	 instability.	 	We	observe	a	359	
lower	 threshold	 for	 the	 scale	 of	 the	 instability	 at	 approximately	 6	mm	 for	 all	 rotation	 rates	360	






on	 the	dense	 layer	 too	 rapidly	 then	 irreversible	mixing	 of	 the	 two	miscible	 fluid	 layers	 takes	367	
place.	 	 It	 is	essential	that	this	is	avoided	and	that	a	sharp	(<2	mm)	interface	between	the	two	368	
layers	 is	achieved.	 	The	second	critical	step	 is	3.1.5.	 	 If	 the	experiment	 is	released	toward	the	369	
magnet	without	being	 fully	 spun-up	 into	 solid	body	 rotation	or	without	 the	 visualization	and	370	
image	capture	apparatus	in	position	and	on	stand-by	then	repeat	the	procedure	(2.1.6).	371	
	372	
The	composition	of	 the	 liquid	 layers,	 the	magnetic	 field	strength	and	 the	motor	performance	373	
can	 all	 be	 verified	 prior	 to	 beginning	 to	 make	 the	 stratification	 (2.1.6).	 	 Most	 practical	374	
difficulties	 can	 therefore	 be	 resolved	 before	 commencing	 any	 given	 experiment.	 	 We	 have	375	
found	 a	 small	 and	 undesirable	 variation	 in	 descent	 speed	 into	 the	 magnet	 field	 however.		376	
Typically,	faster	rotating	experiments	descend	slightly	more	slowly	into	the	magnetic	field	than	377	
slowly	rotating	experiments.		It	may	be	necessary	to	modify	the	slip	bearing	though	we	found	378	
greasing	did	not	help	 reduce	 the	variability	 in	descent	 speed.	 	We	 found	 that	placing	a	 small	379	
(non-magnetic)	 weight	 on	 the	 platform	 allowed	 us	 to	 achieve	 consistent	 descent	 speeds	 of	380	
10±1	mm	s-1	for	all	of	the	experiments.	381	
	382	
The	 main	 limitation	 of	 the	 apparatus	 is	 that	 the	 magnetic	 field	 cannot	 be	 applied	383	
instantaneously;	the	superconducting	magnet	requires	1-2	hours	to	energize.		Ideally,	once	the	384	
fluid	layers	are	spun-up	we	would	instantly	apply	a	strong	uniform	magnetic	field	to	the	tank	to	385	
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is	a	significant	advantage	in	rotating	Rayleigh-Taylor	flow	as	the	initial	spun-up	state	of	the	fluid	392	
layers	has	a	paraboloidal	interface.		Furthermore,	by	not	having	a	lock	the	difficulties	associated	393	



















1.	 Lewis,	 D.	 J.	 The	 instability	 of	 liquid	 surfaces	 when	 accelerated	 in	 a	 direction	413	
perpendicular	 to	 their	 planes.	 II.	 Proc.	 Roy.	 Soc.,	 A	 202,	 81–96	 (1950).	 DOI:	414	
10.1098/rspa.1950.0086	415	
2.	 Read,	K.	 I.	Experimental	 investigation	of	 turbulent	mixing	by	Rayleigh-Taylor	 instability.	416	
Physica	D	12,	45–58	(1984).	DOI:	10.1016/0167-2789(84)90513-X	417	
3.	 Dimonte,	 G.	 &	 Schneider,	 M.	 Turbulent	 Rayleigh-Taylor	 instability	 experiments	 with	418	
variable	 acceleration.	 Phys.	 Rev.	 E	 54,	 3740–3743	 (1996).	 DOI:	419	
10.1103/PhysRevE.54.3740	420	




6.	 Linden,	 P.	 F.,	 Redondo,	 J.	 M.	 &	 Youngs,	 D.	 L.	 Molecular	 mixing	 in	 Rayleigh-Taylor	425	
instability.	J.	Fluid	Mech.	97–124	(1994).	DOI:	10.1017/S0022112094000777	426	
7.	 Lord	 Rayleigh	 Investigation	 of	 the	 Character	 of	 the	 Equilibrium	 of	 an	 Incompressible	427	









Page	11	of	11	 	 	 	 	 	 	 	 	 				








14.	 Carlès,	 P.,	 Huang,	 Z.,	 Carbone,	 G.	 &	 Rosenblatt,	 C.	 Rayleigh-Taylor	 Instability	 for	444	
Immiscible	 Fluids	 of	 Arbitrary	 Viscosities:	 A	 Magnetic	 Levitation	 Investigation	 and	445	
Theoretical	 Model.	 Phys.	 Rev.	 Lett.	 96,	 104501	 (2006).	 DOI:	446	
10.1103/PhysRevLett.96.104501	447	
15.	 Huang,	Z.,	Luca,	A.	De,	Atherton,	T.	J.,	Bird,	M.,	Rosenblatt,	C.	&	Carlès,	P.	Rayleigh-Taylor	448	
Instability	Experiments	with	Precise	and	Arbitrary	Control	of	the	 Initial	 Interface	Shape.	449	
Phys.	Rev.	Lett.	99,	204502	(2007).	DOI:	10.1103/PhysRevLett.99.204502	450	
16.	 Baldwin,	K.	A.,	Scase,	M.	M.	&	Hill,	R.	J.	A.	The	Inhibition	of	the	Rayleigh-Taylor	Instability	451	
by	Rotation.	Sci.	Rep.	5,	11706	(2015).		DOI:	10.1038/srep11706	452	
17.	 Rossby,	H.	T.	A	study	of	Bénard	convection	with	and	without	rotation.	J.	Fluid	Mech.	36,	453	
309–335	(1969).	DOI:	10.1017/S0022112069001674	454	
	455	
